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Mitogen-activated protein (MAP) kinases of the ex- 
tracellular signal-regulated kinase (ERK) family are 
activated in response to many growth and differenti- 
ation factors as well as some oncogenes. ERK activa- 
tion follows phosphorylation, by a class of specific up- 
stream MAP kinase/ERK kinase (MEK) exemplified by 
MEK-1. Activated ERKs control many short- and long' 
term changes in cell function through phosphorylat- 
itig a number of intracellular target substrates which 
include stathmin, a phosphoprotein regulating micro- 
tubule stability. We report here the development of a 
simple, 96-well plate, quantitative in vitro assay mea- 
suring purified ERK2 catalytic activation by a consti- 
tutive MEK-1 mutant (S218E S222E). Enzymatic activ- 
ity was detected by ra P phosphorylation of purified 
biotinylated stathmin captured on streptavidin- 
coated scintillation proximity assay beads which elim- 
inates the need for wash steps. The assay was opti- 
mized and the K 0J} value for ATP was found to be 0,9 
and the K m for stathmin was determined to be 16 
fiM. The assay was also used to determine IC^ values 
for the protein kinase inhibitors PD98059 and etauro- 
sporine. This simple assay allows several hundred 
quantitative measurements of MEKl-dependent ERK2 
activation to be performed in a day. © 1399 Actdemic Pros 



Cell surface receptors for many cytokines, growth 
and differentiation factors as well as several oncogenes 
are linked to activation of a kinase cascade leading to 
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the extracellular signal-regulated kinase (ERK) 2 fam- 
ily of mitogen-activated protein (MAP) kinases (1-4). 
Two ERK gene products have been characterized in 
some detail (ERK1, ERK2) and their activation was 
found to be unusual insofar that it requires phosphor- 
ylation on both a Thr and Tyr residue located within 
the motif TXY of kinase domain VIII (Thr 183 and Tyr 
185 of ERK2). This reaction is catalyzed by members of 
a dual specificity kinase family exemplified by ERK 
activator MAP kinase/ERK kinase-! (MEK-1) which is 
in turn activated following its phosphorylation at 
Ser218 and Ser222 by the upstream kinase c-Raf-1 
(1-4). Activated ERKs are known to phosphorylate a 
number of substrates including transcription factors, 
nuclear receptors, additional kinases, and cytoskeletal 
regulatory proteins (1, 4-8). One of these target sub- 
strates is stathmin, a phosphoprotein known to regu- 
late cell microtubule stability (9, 10). As suggested by 
this range of phosphorylation targets, recent studies 
with a small molecule inhibitor of MEK-1 as well as use 
of dominant active or inhibitory MEK-1 mutants indi- 
cate a key role for ERKs in controlling diverse cell 
functions. These include cellular mitogenesis and on- 
cogenic transformation, neuronal differentiation and 
survival, as well as molecular events regulating under- 
lying memory and learning (1, 11-14). There is now an 
urgent need for new direct regulators of ERK activa- 
tion state to provide essential new tools to facilitate 
further our understanding of the roles of this MAP 
kinase pathway in normal and pathological cell func- 

2 Abbreviations used: MAP, mitogen-activated protein; ERK, ex- 
tracellular signal-regulated kinase; MEK, MAP kinase/ERK kinase; 
SPA, scintillation proximity assay; DTT, dithiothreitol; MBP, myelin 
basic protein, Mops, 4-morpholinepropaneaulfonic acid; K^, the sub- 
strate concentration which gives half-maximal velocity in the cas- 
cade assay. 
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tion. Such modulators could be diverse in nature but 
include new small molecule inhibitors of kinases in the 
ERK signaling cascade or, alternatively, novel dual 
specificity phosphatases mediating potent and selec- 
tive dephosphorylation of activated ERKs. 

One essential tool for the discovery and character- 
ization of new MAP kinase regulators is a simple and 
inexpensive assay for quantitative determination of 
ERK catalytic activity. To meet this need we have 
developed an in vitro cascade kinase assay using 
[y-^P] ATP and designed to run in a 96-well plate for- 
mat where a purified constitutive MEK-1 mutant 
(S218E S222E) activates ERK2 to phosphorylate its 
natural substrate stathmin, 

MATERIALS AND METHODS 

Materials 

[y- 33 P]ATP and streptavidin-coated scintillation 
proximity assay (SPA) beads (RPNQ 007) were from 
Aroersham, England. PD98059 [2'-(2'-amino-3'-me- 
thoxyphenyl)-oxanaphthalen-4-one] was purchased 
from Calbiochem and staurosporine was from LC Lab- 
oratories, U.S -A. Myelin basic protein was from Sigma, 
U.SA., Glutathione-Sepharose was from Pharmacia, 
Sweden, sulfo-NHS-LC-biotin was from Pierce, 
U.SA, and the 96-well plates (PET) were from Wallac, 
Finland. 

Preparation ofERK2 

Mouse ERK2 was overexpressed as a GST fusion 
protein in Escherichia coli (15). Cells were disrupted in 
the French press at a cell pressure of 16,000 psi and the 
fusion protein was isolated from the 10,000 # superna- 
tant. The protein was bound to a glutathione-Sepha- 
rose column which was washed and from which ERK2 
was eluted by incubation with thrombin. The fusion 
protein has a thrombin cleavage site between GST and 
ERK2. The eluted protein was approximately 80% pure 
and was further purified on FPLC Mono Q. This gave 
an apparent homogeneous preparation as judged from 
SDS-PAGE. The sample was dialyzed against 20 mM 
Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl 3 , 2 mM 
DTT, and 0.5 mM EGTA. To the dialyzed sample was 
added 50 % glycerol and it was stored at -20*C at a 
concentration of 1.8 mg/ml. 

Preparation of MEK-1 (S218E S222E) 

A MEK-1 mutant was constructed by replacing two 
serine residues (Ser 218 Ser 222) by aspartic acid 
(MEK-EE). These are two critical residues which trig- 
ger enzymatic activation following their phosphoryla- 
tion by Raf and lead to constitute activation upon mu- 
tation to aspartate or glutamate (16, 17). The MEK-EE 
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was expressed in E. coli as a fusion protein with GST at 
the N-terminus and a His-tag at the O terminus. The 
cells were broken in the French press at a cell pressure 
of 16,000 psi and the protein was isolated from the 
10,000 g supernatant. The sample was applied to a 
Ni-agarose column, the column was washed, and 
MEK-EE was eluted with 200 mM imidazol. The eluted 
protein was then applied to a glutathione-Sepharose 
column and MEK-EE eluted by cleavage with factor X. 
The protein construct has a factor X cleavage site be- 
tween GST and MEK-EE. The eluted sample was once 
again applied to a Ni-agarose column and eluted with 
imidazol. This sample was over 95% pure on SDS- 
PAGE. The sample was dialyzed against 50 mM Tris, 
pH B-0, containing 10 mM 2-mercaptoethanol, 5% glyc- 
erol, 0,02% Triton X-100, 4 mM MgCl 2 , 100 mM NaCl, 
and 1 mM EGTA and stored at -80°C at a concentra- 
tion of 0.3 mg/ml. 

Preparation of Stathmin 

Human stathmin was expressed in E, coli, cells were 
disrupted using a French press at 16,000 psi and the 
protein was isolated from the 10,000 g supernatant. 
The supernatant was applied to a Q-Sepharose column 
in 50 mM Tris-HCl, pH 8.0, and stathmin was eluted 
with a linear NaCl gradient. Fractions containing 
stathmin were further purified on hydroxylapatite fol- 
lowed by phenyl-Sepharose. As the final purification 
step the stathmin pool from phenyl-Sepharose was 
applied to FPLC Mono Q. The pool from the Mono Q 
column gave a homogenous protein on SDS-PAGE and 
the protein was over 9S% pure on reverse-phase HPLC. 
The protein was dialyzed against 20 mM Tris-HCl, pH 
7.5, and stored at -80°C at a concentration of 4,0 
mg/ml. 

Biotinylation of the Stathmin 

For biotinylation, stathmin (3 mg/ml) was first dia- 
lyzed against PBS after which a 1.5 molar excess of 
suhVNHS-LC-biotin (Pierce) was added followed by 
incubation at 4 C C for 2 h. The sample was then dia- 
lyzed against PBS and finally against 20 mM Tris- 
HCl, pH 7.5. The sample was stored at -80°C at a 
concentration of 2.0 mg/ml. Under these conditions 1.2 
biotin molecules were incorporated per stathmin mol- 
ecule. To ensure that the biotinylation did not affect 
the phosphorylation of stathrnin we assayed biotinyl- 
ated and nonbiotinylated stathmin in a filter assay 
(18). No difference in incorporation of ^P into biotinyl- 
ated and nonbiotinylated stathmin was detected. How- 
ever, when biotin was incorporated at a higher molar 
ratio, between 4 and 9 biotin molecules per stathmin 
molecule, the incorporation of W P decreased. Myelin 
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basic protein (MBP) was biotinylated following the 
same protocol as described above. 

ERKMAP Kinase Cascade Assay 

The assay was performed in 96-well plates. Assay 
solutions and plates were pre-incubated at 37°C for 5 
min. To each well we added 40 fd of assay buffer (18.7 
niM Mops, pH 7.0, 12.5 mM MgCl 2f 0.62 mM EGTA, 
62.5 fxNl NaF, 1.25 mM DTT, and 3.75 ATP, 3.1 
/xCi/ml [y- M P] ATP) and 10 /til of kinase/substrate mix 
containing 1.2 /iM ERK2, 300 nM MEK-EE, and 5 
biotinylated stathmin in 10 mM Mops at pH 7.0. The 
final concentrations in the assay were 15 mM Mops, pH 
7.0, 10 mM MgCl 2 , 0.5 mM EGTA, 50 fM NaF, 1 mM 
DTT, 240 nM ERK2, 60 nM MEK-EE, 3 ^lM ATP with 
125 nCi [-^PJATP, and 1 /iM biotinylated stathmin. 
The plates were incubated at 37°C for 45 min. At the 
end of the incubation 200 jul of SPA bead solution (PBS 
containing 0,1% Triton X-100, 5 mM EDTA, 50 jiM 
ATP, 2.5 mg/ml streptavi din -coated SPA beads) was 
added per well. Two hundred microliters of this solu- 
tion contained 0.5 mg of beads with a binding capacity 
of at least 50 pmol of biotinylated stathmin. After ad- 
dition of the beads the plates were left to incubate for 
1 h at room temperature. To reduce the background the 
plnte3 were centrifuged at 3000 rpm (1800gO for 5 min 
before they were counted in a 1450 MicrobetaPlus liq- 
uid scintillation counter (Wallac), Alternatively, the 
plates were left overnight for the beads to sediment by 
gravity. 
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FIG. 1. Schematic representation of signaling leading to ERK 
MAP kinase activation. ERK activation is triggered throngh phos- 
phorylation by MEK-1, which in tarn is phosphoryl&ted and acti- 
vated by kinases of the Raf family. The in vitro kinase assay de- 
scribed here recreates the final steps (boxed) of the signaling 
pathway. 




[MEK-EE] (nM) 

PIG, Z- MEK concentration dependence. Assays were performed 
as described under Materials and Methods with the exception that 
the EJRK2 concentration was kept constant at 186 nM and the con- 
centration of MEK-EE was varied between 10 and 230 nM, After 45 
min incubation at 37 D C the reaction was stopped by addition of 200 
jil bead solution. After 1 h incubation at room temperature the beads 
were sedimentcd by centrifugation at 3000 rpm for 5 min and sub- 
sequently counted in a 96-well plate scintillation counter. Each data 
point is the average of three determinations ± SD. 

RESULTS AND DISCUSSION 

Activation of ERK family MAP kinases is an important 
event triggered by several signaling cascades. What is 
now required are new specific small molecule or enzy- 
matic inhibitors of ERK activation to demonstrate defin- 
itively the function of this MAP kinase class particularly 
in various disease states. As a tool to help discover and 
characterize such inhibitory molecules we have devel- 
oped an in vitro kinase cascade assay detecting MEK-1- 
dependent activation of ERK together with phosphoryla- 
tion of its natural substrate stathmin. This in vitro assay 
recreates the final steps of a cascade common to many 
signaling pathways (Fig- 1). 

The proteins used in this assay were all over 95% 
pure when analyzed by SDS-PAGE. The assay is per- 
formed in 96-well plates and is based on biotinylated 
stathmin bound to streptavidin-coated SPA heads. In 
the presence of [y- 3a P] ATP, ERK-dependent phosphor- 
ylation of stathmin stimulates head-encapsulated scin- 
tillant to emit light which can be detected in a scintil- 
lation counter. Free [?- w P]ATP does not significantly 
stimulate the SPA beads, thereby eliminating the need 
for any wash steps or sample transfer. The background 
in the assay can however be reduced by centrifugation 
or sedimentation which separates the beads together 
with their associated ^P-phosphorylated substrate 
from the bulk of unincorporated [y-^PJATP. 

To establish optimal conditions for the assay the 
concentration-dependence of the kinases, MEK-1 
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FIG. 3. ERK2 concentration dependence. Assays were performed 
as described under Materials and Methods with the exception that 
the MEK-EE concentration was kept constant at 60 nM and the 
concentration of ERK2 was varied between 24 and 240 nM. After 45 
min incubation at 37*C the reaction wag stopped by addition of 200 
fd bead solution. After 1 h incubation at room temperature the beads 
were sedimcnted by centrifugation at 3000 rpm for 5 min and sub- 
sequently counted in a 96-well plate scintillation counter. Each data 
point is the average of three determinations zSD. 



(S218E S222E) and ERK2 were first determined. One 
of the kinases was kept at a constant concentration and 
the concentration of the second was varied. Figure 2 
shows the incorporation of M P phosphate into stathmin 
when the ERK2 concentration was kept constant at 
188 nM and the concentration of MEK-EE was varied 
between 10 and 230 nM. Optimal M P incorporation was 
reached at 60 nM MEK-EE. At concentrations above 
100 nM the incorporation of phosphate was inhibited. 
To determine the concentration dependence of ERK2 in 
the cascade reaction, the MEK-EE concentration was 
kept constant at 60 nM and the ERK2 concentration 
was varied between 24 and 950 nM (Pig, 3). Optimal 
incorporation of aa P phosphate to stathmin was 
reached at 240 nM. Importantly, when either MEK-EE 
or EBK2 was omitted from the reaction mixture, the 
incorporation of W P into stathmin was not significantly 
over background. Based on these results all subse- 
quent assays were performed with 60 nM MEK-EE and 
240 nM Erk2, unless otherwise indicated. These en- 
zyme concentrations gave optimal phosphate incorpo- 
ration into stethmin. The background in the assay was 
between 500 and 1200 cpm and appeared to vary 
slightly between batches of the beads. This gave a 
signal to noise ratio of between 8- and 20-fold. 

To determine the time dependence of the kinase cas- 
cade reaction, standard reaction mixtures were incu- 
bated at 37°C. At various time points, between 5 min 
and 2 h, the reactions were stopped by addition of 200 



id of the bead solution. The reaction showed linearity 
between 5 and 45 min (Fig. 4). A short lag phase was 
seen during the first 5 min. Since this lag phase was 
not present when preactivated ERK2 was used in the 
assay, it presumably reflects the time required for ini- 
tial activation of ERK2 by MEK-1. To ensure condi- 
tions were chosen where 100% of biotinylated stathmin 
binds to the SPA beads, assays were performed with 
either 50 or 100 pmol of biotinylated stathmin. At the 
end of the incubation increasing amounts of SPA beads 
were added to the reactions- The streptavidin-coated 
beads have a binding capacity of 100 pmol/mg. The 
binding curves for the reactions containing 50 or 100 
pmol of stathmin were essentially parallel up to 0.5 mg 
of added beads. No further increase in signal was seen 
after this point in assays containing 50 pmol stathmin, 
indicating maximal binding to beads. In the incuba- 
tions with 100 pmol stathmin, addition of 1 mg of beads 
increases the captured signal by a factor of 2. These 
results give the expected stoichiometry and show that 
all stathmin from the reactions can be captured on 
beads. Reactions were routinely performed with 50 
pmol stathmin. 

To further characterize the cascade assay, the K 0A 
value for ATP and the K m value for stathmin were next 
determined. From Lineweaver-Burk plots the K 0m5 
value for ATP was determined as 0.9 /iM and the 
value for stathmin was found to be 16 /xM (Fig. 5). MBP 
is a substrate for several protein kinases, including 
MAP kinase. For comparison with stathmin we also 
tested biotinylated MBP as substrate in the cascade 
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FIG. 4. Time dependence of the cascade assay. Reaction mixtures 
were incubated at 37°C as described under Materials and Methods. 
At various time points between 5 and 120 min the reactions -were 
stopped by addition of 200 ul bead solution. Whan the bead eolation 
was added at time zero and the sample was incubated at ZTC for 120 
rntTi the signal was not higher than background. Each data point is 
the average of three determinations ±SD. 



05/24/00 13:49 FAX 614 447 3648 



CAS DDS 



@024 



298 



ANTONSSON ET AL. 



4x 10" 4 




:10 5 -1 X 10 G 



r 

10 fl 



H r 

2x10* 3 x10 s 



MS] (IVM) 



2x10*- 




inhibition of the reaction cascade by the nonselective 
protein kinase inhibitor staurosporine, which dis- 
played an ICoo of 0,15 (Fig. 7). Thus, the cascade 
assay can be used to detect inhibitors or other mole- 
cules interacting with and affecting the activity of the 
kinases in the signaling cascade. 

In summary, we have developed a simple 96-well 
plate in vitro kinase cascade assay detecting MEK-1- 
dependent activation of ERK together with phosphor- 
ylation of its natural substrate stathmin. The assay 
employs [t-^PJATP and SFA-bead technology and al- 
lows frflnHliTig of up to 1000 kinase reactions/day. We 
have shown that the assay readily detects kinase inhi- 
bition by small molecules, not only to ERK but also to 
the upstream kinase MEK-1. Thus, inhibitors to two 
kinases can be identified in one assay, although it is 
not possible to distinguish whether the compounds af- 
fect MEK-1, ERK-2, or both with this rapid screening 
procedure. Positive compounds can be tested subse- 
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FIG. 5» Determination of the K QJ> and K a values for ATP and 
stathmin, reHpectively. Reactions were performed as described under 
Materials and Methods with the exception that the concentration of 
the Huhatrate, ATP or stathmin, was varied. From the initial reaction 
velocity data Lineweaver-Burk plots were constructed and the K 0 & 
and K m values were determined. For ATP (A) the JC« wag determined 
as 0.9 ixM and for stathmin (B) the K m was determined as 16 juiM, 



assay and the was determined to be 20 /iM. This 
showB that components of the assay cascade can easily 
be exchanged to test for specificity and relative effi- 
ciency. 

One possible use of this in vitro assay is to screen for 
small molecule inhibitors of the protein kinases within 
the cascade. To test its utility for this purpose we next 
determined the ICso values for two known protein ki- 
nase inhibitors. First, PD98059 [2 ' -(2 '-arrrino-3 ' -roe- 
thoxyphenyl)-oxanaphthalen-4-one] that has been 
shown to be a potent and highly selective inhibitor of 
MEK-1 (12), was tested at concentrations between 1 X 
10 ~ 7 to 2 X 10 " 4 M. From the inhibition curve half- 
maximal inhibition was observed at 20 ftM (Fig. 6), a 
value in good agreement with the published IC 50 value 
of approximately 10 juM (12). We also examined the 
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FIG. fi. Inhibition of the kinase cascade reaction by the MEK- 
apeciflc inhibitor PD98069 t2'-(2'-aminO-S / -methoxyphenyl)-OX- 
anaphth alen-4-ons) . Reaction mixtures were incubated with increas- 
ing concentration of the inhibitor. After 45 mir> incubation at 37 a C 
the reaction was stopped by addition of 200 /il bead solution. After 
1 h incubation at room temperature the beads were sedhnented by 
oentrirugation at 3000 rpm for 5 min and subsequently counted in a 
96-well plate scintillation counter. Each data point is the average of 
three determinations ±SD. From the inhibition curve the IC M value 
was calculated to be 20 jiM. 
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[Staurosporine] (M) 

FIG. 7. Inhibition of the kinase cascade reaction by the nonspecific 
kinase inhibitor staurosporine. Reaction mixtures ware incubated 
with increasing concentrations of etaurosporine. After 45 min incu- 
bation at 37°C the reaction was stopped by addition of 200 fil bead 
solution. After 1 h incubation at room temperature the beads were 
sedimented by centrifugation at 3000 rpm for 5 min with subsequent 
counting in a 9 6- well plate scintillation counter. Each data point is 
the average of three determinations iSD. The ICeo value was calcu- 
lated to be 0.15 hM. 



quently for specificity in individual kinase assays. This 
will considerably reduce both the amounts of reagents 
used and time. This technique is of clear value for the 
detection of novel small molecule kinase inhibitors, 
although it also has clear utility in the characterization 
of protein regulators of MAP kinase activation such as 
members of the dual-specificity phosphatase family 
(20). 



We thank Dr. T. Wella for helpful discussioDS and Christopher 
Hebert for art work. 



REFERENCES 

1. Cohen, P. (1997) Trends Cell Biol. 7, 353-361, 

2. Cano, E., and Mabadevan, L. C (1996) Trends Biockem. Set 20, 
117-122. 

3. Marshall, C- J. (1995) Cell 80, 179-185. 

4. Ferrell, J. E, (1996) Curr, Top. Dev. Biol 33, 1-60. 

5. Karin, M. (1995) J. Biol Chem. 270, 164B3-16486, 

6. Trainman, R, (1996) Curr. Opin. Cell Biol 8, 205-215. 

7- David, M., Petricoin, E. ( Benjamin, C., Pine, R., Weber, M. J., 
and Lamar, A. C. (199B) Science 269, 1721-1723. 

8. Kato, S„ Endoh, H., Maeuhiro, Y., Kitamoto, T., Uchiyama, S., 
Sasaki, H., Maanahige, S., Gotoh, Y., Nishida, E„ Kawaahuna, 
H., Metzger, D-, and Chambon, P. (1995) Science 270, 1491- 
1494. 

9, Belmont, L, D., and Mitchison, T. J, (1996) CeU 84, 623-631- 

10. Di Paolo, G., Antonsson, B., Kassel, D„ Riederer, B. M 1( and 
Grciiningloh, G. (1997) FEBS Lett. 416, 149-152. 

11. Cowley, S-, Patarson, H., Kemp, P., and Marshall, C. J. (1994) 
Cell 77, 841-852. 

12. Dudley, D. T. ? Pang, L M DeckeT, S- Bridges, A. J., and SalfcieL, 
A. R (1995) Proc. Natl. Acad. Scl USA 92, 7686-7689. 

13. Xia, Z., Dickens, M„ Raingaaud, J., Davis, R. J., and Grcenberg, 
M- E. (1996) Science 270, 1326-1331. 

14. Kornhauser, J. M., and Greenberg, M- E. (1997) Neuron 18, 
839-842. 

15. Stokoe r D., Campbell, D. G., Nakielny, S. ( Hidaka, H. 7 Leevers, 
S. J., Marshall, C. t and Cohen, P. (1992) EMBO </. 11, 3985- 
3994. 

16. Alessi, D. R-, Saito, Y., Campbell, D. G., Cohen, P., Sithanan- 
Hn m G., Rapp, U., Aahworth, A., Marshall, C. J., and Cowley, S- 
(1994) EMBO J. 13, 1610-1619. 

17. Cowley, S-, Patcrson, H., Kemp, P., and Marshall, C, J. (1994) 
Cell 77, 841-862. 

18. AntonBBon, B,, Montesauit, S., Friedli, L., Payton, M., and Fara- 
vidni, G. (1994) J. Biol Chem. 269, 16821-16828. 

19. Winston, L. A., and Hunter, T. (1996) Curr, Biol 6, 668-671. 

20. Muda, M., Boschert, U-, Smith, A-, Antonaeon, B., Gillieron, C, 
Chabert, C., Camps, M., Martinou, I., Ashworth, A, and Arkin- 
atall, S. (1997) J. Biol Chem,, 272, 5141-5151. 



Best Available Copy 



